INTRODUCTION
Chitosan (CS) is a natural copolymer of Dglucosamine (GlcN) and N-acetyl-Dglucosamine (GlcNAc) and is produced by alkaline deacetylation of chitin. It is insoluble at neutral and alkaline pH but is soluble in acidic media. It is also biodegradable, biocompatible, and non-toxic and, therefore, has been employed in biomedical applications such as tissue engineering, wound healing and drug delivery [1] [2] [3] .
Recently, the antioxidant activities of CS and its derivatives were investigated since CS chains have active hydroxyl and amino groups that can react with free radicals [4] . The derivative studied include water-soluble disaccharide chitosan [5] , carboxymethyl chitosan [6] , sulfated chitosan [7, 8] , quaternized chitosan [9] , sulfanilamide derivatives of chitosan [10] , chitosan crab shells [11] , chitosan-N-2-hydroxypropyl trimethyl ammonium chloride [12] , 2-[phenylhydrazine -thiosemicarbazone] -chitosan [13] and dietary chitosan [14] .
Although CS salts such as hydroxybenzotriazole (HOBt), thiamine pyrophosphate (TPP) and ethylenediaminetetraacetic acid (EDTA) have been investigated for their biomedical applications, however, their antioxidant activities have not yet been investigated. HOBt is an organic compound often used as a racemization suppressor and is popular for its ability to improve yields in peptide synthesis [15] . Due to the hydroxyl groups presented in HOBt, the molecule can form a salt with the amine groups of CS, thus improving CS water solubility and allowing CS to be dissolved in water. We have previously prepared CS-HOBt for use in nucleic acid delivery [16] as well as CSHOBt/polyvinyl alcohol blend of biodegradable nanofibers intended for drug delivery or tissue engineering applications [17] .
TPP is a thiamine derivative. It plays an essential role as cofactor in key reactions in carbohydrate metabolism [18] . Due to the phosphate groups of TPP, the molecular can salt form with amine groups of CS, helps to improve CS water solubility [18] . The amine groups of TPP, especially at the nitrogen atom (N) of thiazolium can be deprotonated and are always positive even at physiological pH [18] . CS-TPP has been successfully prepared as a novel carrier for siRNA delivery [19] . EDTA is a well-established metal chelator and is soluble at alkaline pH. It has been used to form a complex with CS due to the decreased positive charge of the latter. CS can be rendered readily soluble in water with EDTA due to the carboxyl groups in EDTA structure. CS-EDTA conjugate has been successfully used tp prepare a nanoparticulate gene delivery system [20] and hydrogel films for transbuccal delivery [21] .
Therefore, the purpose of this study was to prepare CS-HOBt, CS-TPP and CS-EDTA, and characterize their chemical structures by Fourier transform infrared spectrophotometer (FT-IR) and nuclear magnetic resonance (NMR), as well as evaluate their antioxidant activities.
EXPERIMENTAL Materials
Chitosan low molecular weight (degree of deacethylation 0.85, MW 110 kDa), hydroxybenzotriazole (HOBt), ethylenediaminetetraacetic acid (EDTA), thiamine pyrophosphate (TPP), nitro blue tetrazolium (NBT), phenazine methosulphate (PMS), hydrogen peroxide (H 2 O 2 ), thiobarbituric acid (TBA), ferrozine, nicotinamide adenine dinucleotide-reduced (NADH), trichloroacetic acid (TCA), and deoxyribose (DR) were all purchased from Sigma-Aldrich Chemical Company, USA. All other reagents and solvents were commercially procured and of analytical grade.
Preparation of chitosan solutions
Aqueous CS solutions were prepared by dissolving CS with HOBt, TPP or EDTA at different weight ratio 1:1, 1:1 and 2:1, respectively. Briefly, HOBt (10 mg), TPP (10 mg) or EDTA (5 mg) was dissolved together with CS (10 mg) in 10 mL of distilled water and vigorously stirred with a magnetic stirrer at ambient temperature until the solution became clear. CS-acetate was prepared by dissolving CS (10 mg) in 10 mL of 1 %v/v acetic acid.
Characterization of chitosan salts
The chemical structure of chitosan salts was characterized using Fourier transform infrared spectrophotometer (FTIR, Nicolet 4700, Becthai, USA). The spectra were obtained by accumulating 32 scans within the range 400 -4000 cm 
Superoxide radical scavenging assay
The superoxide scavenging ability of the CS salts was investigated by the method of Nishikimi et al [22] . The reaction mixture, comprising in each case, CS solution (0.1 -2 mg/mL), PMS (30 µM), NADH (338 µM) and NBT (72 µM) in phosphate buffer (0.1M pH 7.4), was incubated at room temperature for 5 min and the absorbance measured spectrophotmetrically (Agilent model 8453 E, Germany) at 560 nm against a blank (water). The sample without chitosan salts was used as control. Their scavenging activity was calculated using Eq 1.
Scavenging activity (%) = (1 -As/Ac) x 100 … (1) where As and Ac are the absorbance of the test sample and control, respectively.
Hydroxyl radical scavenging assay
The hydroxyl radical scavenging of the CS salts was investigated by the method of Halliwell et al [23] . CS solutions (0.1 -2 mg/mL) was incubated with deoxyribose (3.75 mM), H 2 O 2 (1mM), FeCl 3 (100 µM), EDTA (100 µM) and ascorbic acid (100 µM) in potassium phosphate buffer (20 mM, pH7.4) for 60 min at 37 o C in a tube. The reaction was terminated by adding 1 mL of TBA (1 %w/v) and 1mL of TCA (2 %w/v), and then heating the mixture in a boiling water bath for 15 min. The contents were cooled and the absorbance of the mixture was measured spectrophotometrically at 535 nm against a blank. The sample without chitosan salts was used as control. Increase in the absorbance of the reaction mixture indicates that oxidation of deoxyribose is increased. Scavenging activity was determined as in Eq 2.
Scavenging activity (%) = (1 -As/Ac) x 100 … (2) where As and Ac are the absorbance of the test sample and control, respectively.
Metal ion chelating assay
The ferrous ion-chelating potential of the CS salts was investigated according to the method of Decker & Welch [24] . The ferrous ion-chelating ability was monitored by the absorbance of the ferrous iron-ferrozine complex at 562 nm. Briefly, the reaction mixture comprised of the CS solution with varying concentrations, FeCl 2 (2 mM) and ferrozine (5 mM), and adjusted to a total volume of 0.8 mL with water, shaken well and incubated for 10 min at room temperature. The absorbance was then measured spectrophotometrically at 562 nm. The ability of CS salts to chelate ferrous ion was calculated using Eq 3.
Chelating activity (%) = (1 -As/Ac) x 100 .… (3) where As and Ac are the absorbance of the test sample and control, respectively.
Evaluation of reducing power
The reducing power of the salts was determined according to the method of Oyaizu [25] . Each CS solution (0.1 -2 mg/mL, 2.5 mL) was mixed with 2.5 mL of 200 mM sodium phosphate buffer (pH 6.6) and 2.5 mL of 1 % potassium ferricyanide, and the mixture incubated at 50 °C for 20 min. Thereafter, 2.5 mL of 10 % trichloroacetic acid was added and the mixture centrifuged at 200 g for 10 min. The upper layer (5 mL) was mixed with 5 mL of deionized water and 1 mL of 0.1 % ferric chloride, and the absorbance measured spectrophotometrically at 700 nm against a blank. A higher absorbance indicates a higher reducing power. The sample without chitosan salts was used as control.
Statistical analysis
Data were obtained in triplicate and expressed as the mean ± standard deviation (SD). The data were subjected to analysis of variance (ANOVA) using SPSS software (version 11). The significance level was set at p < 0.05.
RESULTS

Characteristics of the chitosan salts
The pure chitosan powder FT-IR spectrum (Fig 1A) showed prominent absorption peaks of chitosan at 896, 1087, 1598, 1653 and 3430 cm -1 representing pyranose ring, glucoside, amino, acetamide and hydroxyl groups, respectively [26] . The spectrum of CS-HOBt showed additional peaks at 748 and 1389 cm -1 which are attributable to aromatic and azobenzene rings in the HOBt structure. Peaks of phosphate compound in the spectrum of CS-TPP were found at 768 and 1223 cm -1 . Strong peaks at 1400 and 1629 cm -1 , corresponding to carboxylic acid salt, were observed in CS-EDTA spectrum [27] .
NMR spectra are shown in Fig 1B. It shows that the NMR spectrum of CS-acetate showed chemical shifts of the Nacetylglucosamine unit (3.1 ppm) and acetyl group (2 ppm), whereas CS-HOBt showed chemical shifts of aromatic and azobenzene ring at 7.3 and 7.8 ppm. The chemical shifts at 2.6, 5.5 and 8 ppm, corresponding to sulfide group, phosphate group and pyrimidine, respectively, were found in CS-TPP NMR spectrum. Carboxyl chemical shift (3.7 and 4 ppm) was observed in the CS-EDTA NMR spectrum.
Figure 1: (A) FT-IR and (B) NMR spectra of CS salts
Superoxide radical scavenging Figure 2 shows the scavenging effects of the CS salt on superoxide radicals. All the salts scavenged superoxide in a concentrationdependent manner. IC 50 value is the concentration of the sample required to achieve 50 % scavenging of the superoxide free radical and it was determined from the plot of % scavenging against concentration. The IC 50 of CS-acetate, CS-EDTA, CS-TPP and CS-HOBt was 0.349, 0.611, 0.890 and 1.342 mg/mL, respectively. Thus, the order of scavenging activity was: CS-acetate > CS-EDTA > CS-TPP > CS-HOBt. The scavenging activity of CS-acetate and CS-EDTA at 2 mg/mL was 87.6 and 76.4 %, respectively. 
Hydroxyl radical scavenging activity of chitosan salts
The scavenging activity of the chitosan salts against hydroxyl radicals is shown in Fig 3. The IC 50 of CS-HOBt, CS-TPP, CS-acetate and CS-EDTA were 0.34, 0.853, 1.43 and 1.54 mg/mL, respectively, giving a scavenging order of CS-HOBt > CS-TPP > CS-acetate > CS-EDTA. 
Metal ion chelating activity of chitosan salts
The ferrous ion-chelating activity of the CSsalts is shown in Fig 4. The chelating effect of CS-acetate, CS-HOBt and CS-TPP was approximately 20 % at 2 mg/mL. However, CS-EDTA showed the highest chelating effect which was approximately 100 % at 2 mg/mL. 
DISCUSSION
Superoxide anion radicals are generated by a number of cellular reactions, including various enzyme systems, such as lipoxygenases, peroxidase, NADPH oxidase and xanthine oxidase. They play an important regulatory role in the formation of other celldamaging free radicals, such as hydrogen peroxide, hydroxyl radical, or singlet oxygen in living systems [28] . The scavenging effect of ascorbic acid on superoxide radical at 2 mg/mL was 68.2 % [8] . These results indicated that the superoxide radical scavenging activities of CS-acetate and CS-EDTA at the same level were higher than that of ascorbic acid, while those of CS-TPP and CS-HOBt were lower. This might be due to the ability of TPP and HOBt to bond with the hydroxyl and amino groups of CS and hence the hydroxyl and amine groups of CS were not free to react with the superoxide. Hydroxyl radical is the most reactive free radical and can be formed from superoxide anion and hydrogen peroxide in the presence of metal ions such as Cu 2+ or Fe 2+ . However, Cu 2+ and Fe 2+ do not exist free in body but they can be bound with albumin, ATP, citrate, DNA and membrane lipids [29] . In this study, the hydroxyl radical produced by the reaction of Fe 2+ -EDTA complex with H 2 O 2 in the presence of ascorbic acid, attacks deoxyribose to form products that upon heating with 2-thiobarbituric acid under acidic conditions, yield a pink tint. Added hydroxyl radical scavengers compete with deoxyribose for the resulting hydroxyl radicals and diminish tint formation [30] . Xing et al [8] found, with regard to the scavenging effects on hydroxyl radical, that IC 50 of chitosan sulfate was in the range of 0.350 -3.269 mg/mL while the IC 50 of ascorbic acid was 1.537 mg/mL. In this study, CS-HOBt and CS-TPP showed higher scavenging effect on hydroxyl radical. The hydroxyl radical scavenging mechanism of CS salt to be further investigated.
The results showed that CS-EDTA exhibited the highest metal ion chelating activity of all the CS salts. Xing et al [8] previously reported that the chelating activity of chitosan sulfate was low; and was not greater than 40% at 1 g/mL. These results indicated that CS-acetate, CS-HOBt and CS-TPP had low chelating effect compared with CS-EDTA. EDTA is strongly chelating agent itself.
The results showed that CS-TPP had the highest reducing power. Yen et al [11] reported reducing power of approximately 0.2 at 1 mg/mL for crab chitosans while. Zhong et al [10] found that reducing power of low molecular weight (MW = 4 kDa) chitosan was approximately 0.06 at 1 mg/mL. Thus, CSacetate, CS-HOBt and CS-EDTA had reducing power similar to the previous study. The high reducing power of CS-TPP is due to the structure of TPP that can itself act as a reducing agent.
CONCLUSION
The results of the present work indicated that CS salts possess varying levels of antioxidant and free radical scavenging activities, including superoxide and hydroxyl radicals scavenging, metal ion chelating activity and reducing power. CS-acetate showed the highest superoxide radical scavenging effect while CS-HOBt and CS-TPP showed the greatest hydroxyl radical scavenging activities. CS-EDTA and CS-TPP had the highest chelating effect and reducing power, respectively. Overall, the results indicate that the antioxidant activity of chitosan (CS) can be improved by formation of its salts. These salts may be useful as a source of antioxidants in pharmaceutical products.
